In our study we tested the utility of antibodies that specifically recognize the cleaved large (active) subunits of caspase-3 and caspase-9 for immunohistochemical detection of apoptotic hepatocytes in rat liver sections using archival material from cyproterone acetate (CPA)-treated and control rats. CPA blocks apoptosis of hepatocytes and discontinuation of CPA treatment results in a syncronized wave of hepatocyte apoptosis. By comparing liver sections from CPA-treated and control rats with high and low rates of apoptosis we observed a close correlation between the occurrence of cleaved caspase-positive apoptotic figures and H&E-stained apoptotic bodies when evaluated in parallel sections. Caspase-stained figures were either immuno-positive apoptotic bodies or pre-apoptotic hepatocytes showing cytoplasmic and/or nuclear caspase-staining with otherwise normal cellular appearance. In extension of these observations we developed a double-immunohistochemical staining procedure which enables the detection of caspase-3-positive apoptotic hepatocytes within glutathione-S-transferase-P (GST-P)-positive preneoplastic liver foci. By use of this technique, inhibition of apoptosis by 2,3,7,8-tetrachlorodibenzo-p-dioxin as detected by counting of H&E-stained apoptotic bodies was found to correlate with a strong reduction of cleaved caspase-positive hepatocytes in GST-P-positive preneoplastic foci. In summary, this study demonstrates that cleaved caspase-positive apoptotic hepatocytes could be reliably identified and quantified both in normal and neoplastically transformed liver tissue.
INTRODUCTION
Apoptosis is a tightly controlled physiological cell death process that plays a fundamental role in embryonic development and maintenance of tissue homeostasis. The process is characterized by a stereotypic cellular program for selfdestruction which can be initiated by various endogenous and exogenous signals. Execution of apoptosis is triggered by the sequential activation of caspases which cleave "death substrates" required in nonapoptotic cells for processes such as cell cycle control, DNA repair, cell signalling and structural integrity (Earnshaw et al., 1999) . Caspases represent a group of cysteine proteases that are present in cells as inactive proenzymes and become activated through proteolytic cleavage once a cell has decided to commit apoptotic suicide. In recent years antibodies have become available that specifically recognize the cleaved forms of various caspases including caspases-3 and -9. In most studies published so far, these antibodies have been employed for detection of caspase processing by Western analysis with cell or tissue homogenates; in addition, several recent reports demonstrated the utility of antibodies against cleaved caspases for immunohistochemical staining of apoptotic cells in tissue sections (Duan et al., 2003; Gamonal et al., 2001; Srinivasan et al., 1998; Tanaka et al., 2000) . Identification of apoptotic cells in tissues by use of such antibody-based methods may be superior to the TUNEL-assay, which is based on the detection of fragmented DNA strand ends but is subject to misinterpretation since it does not discriminate between necrotic and apoptotic cells death (12) . Apoptotic bodies can be counted in H&E-stained sections and were often used as markers of apoptosis in quantitative studies in liver tissue (Bursch et al., 1985; Bursch et al., 1990; Stinchcombe et al., 1995) . One obvious disadvantage associated with this latter technique, however, is the fact that largely remainders of apoptotic cells can be observed, whereas pre-apoptotic cells are very difficult to detect; in addition, counting of apoptotic bodies is very time-consuming and may be subject to bias to the unexperienced investigator. Apoptosis plays a crucial role in several pathological conditions in liver including carcinogenesis and may be modulated in this process by tumor-initiating and -promoting agents [for review see ]. For quantitative analyses of hepatocarcinogenesis (e.g., see (Luebeck et al., 2000) ), a reliable method for the identification of apoptotic cells in preneoplastic and neoplastic tissues in liver is therefore necessary. We have now investigated the utility of antibodies against cleaved caspase-3 and -9 for identification and quantitation of apoptotic cells in liver tissues.
METHODS

Animal Experiments:
In experiment 1, female Wistar rats were treated with the synthetic steroid CPA (kind gift of Schering AG, Berlin, Germany) for 7 days. Treatment of rats with CPA results in liver enlargement, which is partly mediated by blockage of hepatocyte apoptosis (Bursch et al., 1990; Schulte-Hermann et al., 1980) . CPA was dissolved in corn oil and given by gavage once per day at a daily dose of 10 ECKLE ET AL TOXICOLOGIC PATHOLOGY 100 mg/kg body wt. for 3 days, followed by 130 mg/kg body wt. for 4 days (Bursch et al., 1990) . Thereafter, one group of rats was further treated with CPA (130 mg/kg body wt.) for 2 days (group 1; CPA continuously), whereas the second group of animals received pure solvent instead (group 2; CPA discontinued); discontinuation of CPA treatment leads to a syncronized increase in the frequency of apoptotic cells in liver. Animals of group 1 were sacrificed 4 h after the last CPA treatment, and animals of group 2 were sacrificed 2 days after cessation of CPA treatment at the time where the peak incidence of apoptosis is expected (Bursch et al., 1990) . Untreated control animals were sacrificed in parallel. Details on the experimental design of experiments 2 and 3, respectively, have been reported earlier (Bursch et al., 1990; Stinchcombe et al., 1995) and are briefly summarized here: In experiment 2 (Bursch et al., 1990) , CPA treatment was used to study the time course of different apoptotic stages in liver: apoptosis was first blocked by treatment of female Wistar rats with CPA for 7 days as described previously; after a treatment-free interval of 2 days, which allowed for a syncronized release from blockage, rats received a single high dose of CPA to block the initiation of new apoptoses (CPA retreatment) and were sacrificed 30 min or 1 hr thereafter. Animals without CPA retreatment were analyzed for comparison. In experiment 3 , female Wistar rats were treated for 10 days with N -nitrosodiethylamine (DEN; 10 mg/kg body wt. per day). After a recovery period of 8 weeks, TCDD dissolved in corn oil was given at a dose of 1.4 µg/kg body wt. at biweekly intervals for 115 days. Controls received corn oil instead of TCDD. Animals were sacrificed 3 days after the last treatment.
Histochemical Staining Techniques:
Apoptotic bodies in H&E-stained sections from paraffin-embedded liver blocks were determined by use of fluorescence and transmitted light microscopy as described recently (Bursch et al., 1985; Bursch et al., 1990; Stinchcombe et al., 1995) . For detection of caspase-positive apoptotic cells in normal liver tissue, sections were stained with rabbit-anti-cleaved caspase-3 or cleaved caspase-9 antibodies (both from Cell Signaling Technology, Inc, Beverly, USA; Cat. No. 9661 and 9507) by routine immunohistochemical methods essentially as described in reference (Unger et al., 1998) . In brief, 5 µm paraffin sections were heated in a microwave oven (25 min at 720 W) for antigen retrieval and incubated with either of the anti-caspase antibodies (1:50 dilution) overnight at 4
• C, followed by incubation with biotinylated goat-anti-rabbit-IgG secondary antibodies (1:200 dilution; Biospa, Milano, Italy) and streptavidin/alkaline phosphatase complex (1:200 dilution; Biospa). Bound antibodies were visualized by use of Fast Red (Kem-En-Tech, Copenhagen, Denmark) and cell nuclei were counterstained with hematoxylin.
For determination of cleaved caspase-positive cells in preneoplastic, glutathione-S-transferase-P (GST-P)-positive liver lesions the following double-immunostaining method was used (between all incubation steps, sections were extensively washed with buffer, and prior to incubation with antibodies sections were blocked with normal goat serum for 5 min): After antigen retrieval (see above), sections were first incubated with antibodies against cleaved caspase-3 (1:20 dilution) overnight at 4
• C. Thereafter, sections were incubated with Biotin-SP-conjugated AffiniPure goat-anti-rabbitIgG(H+L) Fab-fragments (1:50 dilution; Dianova, Hamburg, Germany) and streptavidin/alkaline phosphatase complex (1:200 dilution; Biospa), each for 1 hr at room temperature. These steps were followed by incubation with rabbit-anti GST-P antibodies (1:300 dilution; Bio Genex, San Ramon, USA) overnight at 4
• C and β-galactosidase-conjugated goat-anti-rabbit-IgG secondary antibodies (1:50 dilution; American Qualex, San Clemente, USA) for 1 h at room temperature. Finally, bound β-galactosidase-conjugated antibodies were visualized by use of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (PeqLab, Erlangen, Germany), resulting in a bluish staining of preneoplastic cells, and biotinylated Fab-fragments were detected by use of Fast Red (see above), leading to a red appearance of caspase-3-positive apoptotic cells. Cell nuclei were lightly counterstained with hematoxylin. Although both primary antibodies were from rabbits, no staining interference was observed due to the use of Fab-fragments in the first incubation step.
Quantitation of Apoptotic Events:
H&E-stained apoptotic bodies and cleaved caspase-3 and caspase-9-positive apoptotic figures were counted in randomly chosen fields of the respective liver sections (experiments 1 and 2). Information on the total numbers of apoptotic counts and further details are presented along with the description of the results of the various experiments. In addition, the number of nucleated hepatocyte transections was determined in representative fields (corresponding to a total number of ∼2,000 hepatocytes/rat), and was found to be decreased by ∼26% in CPAtreated animals as a result of the liver enlarging activity of the drug. Apoptotic indices were then calculated as follows: mean number of apoptotic events/mean number of hepatocytes ×10,000, thus correcting for treatment-related differences in cell densities. For calculation of apoptotic indices of GST-P-positive liver cell foci (experiment 3), apoptotic figures and nucleated hepatocytes were counted accordingly in all GST-P-positive focal transections present in the liver sections. Due to higher apoptotic counts in GST-P-positive foci, apoptotic indices in experiment 3 are given in percent. Correlation and regression analysis were performed using Microsoft Excel 2000.
RESULTS
Apoptotic Hepatocytes in Normal Rat Liver:
In our initial experiments, we used archival paraffin-embedded liver material from a previously performed experiment (experiment 1), in which rats were treated with the synthetic steroid CPA. This chemical leads to liver enlargement which is partially mediated by a block in apoptosis of hepatocytes (Bursch et al., 1990; Schulte-Hermann et al., 1980) ; discontinuation of CPA administration is associated with a rapid increase in hepatocyte apoptosis as demonstrated by a steep increase in the frequency of apoptotic bodies in liver (Bursch et al., 1990) . The occurrence of apoptotic bodies was analyzed first in H&E-stained sections from rats of the following groups (3 rats/group): CPA continuously (group 1), discontinuation of CPA treatment (group 2), and untreated controls (group 3). Representative examples of "classical" eosinophillic apoptotic bodies as detected by fluorescence and transmitted light Vol. 32, No. 1, 2004 ACTIVATED CASPASES IN APOPTOTIC HEPATOCYTES 11 FIGURE 1.-Apoptotic figures in rat liver. Archival material from rats of experiment 1 was used. A,B; eosinophilic apoptotic bodies in H&E-stained sections from normal liver detected by fluorescence microscopy (A), or transmitted-light microscopy in the same field (B); arrows in (B) point towards a chromatincontaining apoptotic body (1) and a chromatin-free apoptotic body (2). C-F; sections through normal liver stained for cleaved caspase-3. Arrows in (C) point towards a pre-apoptotic hepatocyte with predominantly cytoplasmic staining (1) and a group of cleaved caspase-3-positive apoptotic bodies (2); the hepatocyte in (D) is characterized by intense cytoplasmic and nuclear staining; arrows in (E) indicate hepatocytes with almost exclusive nuclear immunostaining and the arrow in (F) marks a chromatin-containing caspase-3-positive apoptotic body; G-H; sections through normal liver stained for cleaved caspase-9; arrows point towards a hepatocyte with strong nuclear staining (G) and chromatin-containing (1) and chromatin-free (2) apoptotic bodies with positive immunostain (H); I-K; microscopy in the H&E-stained liver sections are shown in Fig. 1A and 1B, respectively. A total of ∼270 mm 2 of liver tissue from the 9 animals was screened for the presence of apoptotic bodies and 995 apoptotic events were counted, 290, 680, and 25 in groups 1-3, respectively. Following correction for CPA-mediated changes in hepatocyte density, apoptotic indices could be calculated which demonstrated the expected marked treatment-related differences in this parameter (Fig. 2A) .
The same liver blocks were subsequently used for immunohistochemical demonstration of cleaved caspase-3-positive hepatocytes. With this stain, putative pre-apoptotic hepatocytes could be identified, which were characterized by a positive antibody-reaction with predominantly cytoplasmic localisation, but showed no signs of chromatin condensation and almost normal cellular morphology (for a representative example see Fig. 1C ). In addition, we detected hepatocytes with cytoplasmic and nuclear (Fig. 1D) or almost exclusive nuclear (Fig. 1E ) staining, as well as condensed chromatincontaining or chromatin-free apoptotic bodies which showed positive immunoreaction (Fig. 1C, F) . Very similar staining patterns were observed when using antibodies against cleaved caspase-9 (Fig. 1G, H) , except that pre-apoptotic hepatocytes with exclusive cytoplasmic reaction were not detectable with this antibody. We subsequently quantitated the occurrence of cleaved caspase-3-and cleaved caspase-9-positive hepatocytes in sections from the livers of rats of the 3 treatment groups (see above). A total of 863 caspase-3-positive and 993 caspase-9-positive "apoptotic events" were counted and the apoptotic indices calculated for the different treatment groups are shown in Figs. 2B and 2C. The results of the analysis clearly show a close correlation of the 3 parameters which were used for the detection of apoptosis in liver, namely apoptotic bodies seen in the H&E stain, and cleaved caspase-3-and caspase-9-positive cells or cell remainders, respectively. For example, a correlation coefficient r 2 = 0.9498 (n = 9) was calculated by linear regression analysis of data on apoptotic bodies and cleaved caspase-3-positive apoptoses. In absolute values, however, the numbers of cleaved caspase-3-positive and cleaved caspase-9-positive apoptotic figures were about 3-5-times lower than those of apoptotic bodies counted in H&E-stained sections.
To analyze the time-course of different stages of cleaved caspase-3-positive hepatocytes, we used archival material from experiment 2 that was previously conducted by Bursch et al. (1990) . In this experiment, initiation of apoptosis following CPA-withdrawal was blocked by retreatment of animals with CPA, which were then sacrificed 30 min and 1h following CPA rechallenge. Under these conditions, the timedependent changes in the number of apoptotic figures allow some estimation of the length of the visible stages of the apoptotic process (4). Cleaved caspase-3-positive apoptotic figures were classified into 2 categories, i.e., pre-apoptotic demonstration of cleaved caspase-3-positive apoptotic cells in GST-P-positive preneoplastic cells; (I) GST-P-positive liver focus with a hepatocyte showing predominantly cytoplasmic caspase-3-staining; (K) arrows point towards a hepatocyte with intense cytoplasmic and nuclear staining (1) and a condensed chromatin-containing caspase-3-positive apoptotic body (2). 12 ECKLE ET AL TOXICOLOGIC PATHOLOGY FIGURE 2.-Quantitative analysis of apoptotic events in rat liver using archival material from rats of experiment 1. One group of rats had been given daily injections of CPA for 9 days until sacrifice (CPA cont.); in the second group of rats, CPA treatment had been discontinued 2 days prior to sacrifice to induce a synchroneous wave of apoptosis (CPA discont.); untreated rats are shown for comparison (control). Normalized frequencies of apoptotic bodies counted in H&E-stained liver sections (A), and corresponding frequencies of cleaved caspase-3 (B) and cleaved caspase-9 positive apoptotic events (C) are shown. All types of caspase-positive figures (pre-apoptotic cells to apoptotic bodies; see Fig. 1 ) were combined for analysis. Data represent means ± standard deviations from 3 rats per group.
hepatocytes with almost normal cellular morphology showing cytoplasmic and/or nuclear staining (total counts: 148) and caspase-positive apoptotic bodies with or without condensed chromatin (total counts: 1,033), respectively. Both types of apoptotic events strongly decreased within the first hour after retreatment with CPA (Fig. 3) , which is similar to the previously reported decline of apoptotic bod-FIGURE 3.-Time-dependent changes in the frequency of cleaved caspase-3-positive apoptotic stages following CPA-withdrawal and retreatment. Archival liver sections from experiment 2 were stained with antibodies to cleaved caspase-3 and the normalized frequencies of pre-apoptotic hepatocytes with cytoplasmic and/or nuclear staining and caspase-3-positive apoptotic bodies were determined in rats without CPA-retreatment (−) and 0.5 hr or 1 hr after CPA-retreatment. In total, 148 pre-apoptotic cells and 1,033 apoptotic bodies were evaluated in liver sections from 15 animals. Data from individual animals of each treatment group are shown; regression lines are given for orientation.
ies counted in H&E-stained liver sections from these animals (Bursch et al., 1990) ). At 1 h after CPA-retreatment, the medians per 10,000 hepatocytes of cleaved caspase-3-positive pre-apoptotic cells (0.7) and apoptotic bodies (8.6) were ∼50% lower than without CPA-block (1.3 and 14.8, respectively).
Apoptotic Hepatocytes in Preneoplastic Liver Lesions:
Preneoplastic hepatocytes in liver are characterized by changes in the expression of various enzymes among which the placental form of glutathione-S-transferase (GST-P) is frequently used as a marker for their identification. We now used archival paraffin-embedded liver material from a previous experiment, in which preneoplastic GST-P-positive foci were induced by sequential treatment of rats with Nnitrosodiethylamine (DEN) and 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) according to an initiation/promotionprotocol . In this study, TCDD was shown to exert a strong inhibitory effect on apoptosis of GST-P-positive hepatocytes as demonstrated by counting of eosinophilic apoptotic bodies in GST-P/H&E-stained liver sections . We now developed FIGURE 4.-Quantitative analysis of apoptotic bodies and cleaved caspase-3-positive apoptotic cells in GST-P-positive foci of rats. Archival material from experiment 3 in which GST-P-positive foci had been induced by sequential treatment with DEN and TCDD was used ; one group of rats received DEN alone as initiator (minus TCDD), and a second group was additionally treated with TCDD as a tumor promoter for 115 days (plus TCDD). Data show the normalized frequencies of apoptotic bodies within GST-P-positive foci as detected in GST-P/H&E-double-stained sections (left graph; data from Stinchcombe et al., 1995) and the corresponding frequencies of cleaved caspase-3 positive cells in GST-P/caspase-3 double-immunostained sections (right graph). Open circles represent data from individual animals and columns give the means of each treatment group. a double-immunohistochemical staining procedure that allows the detection of apoptotic hepatocytes within GST-Ppositive foci by their positive staining for cleaved caspase-3. By this technique, caspase-3-positive hepatocytes with predominantly cytoplasmic or cytoplasmic plus nuclear staining, as well as caspase-3-positive apoptotic bodies could be clearly identified within GST-P-positive liver foci (Fig. 1I,  1K ). Using 2 liver blocks from rats treated with DEN alone and 2 from rats treated with DEN plus TCDD we screened a total of 635 GST-P-positive foci (253 from DEN alone and 382 from DEN plus TCDD treated rats) for the presence of cleaved caspase-3-positive hepatocytes and a total of 59 positive apoptotic figures (41 in DEN alone and 18 in DEN/TCCD treated rats) could be observed. Quantitative analyses demonstrated that the occurrence of cleaved caspase-3-positive hepatocytes in GST-P-positive liver foci from DEN/TCDD-treated rats was much lower than in foci from animals treated with DEN alone (Fig. 4) , which is comparable to the effect seen in our earlier analysis where H&E-stained apoptotic bodies were used as marker of apoptosis .
DISCUSSION
The most frequently used method to quantify apoptosis in rodent liver is counting of apoptotic bodies in H&E-stained liver sections (e.g., see (Bursch et al., 1985 (Bursch et al., , 1990 . Because of their eosinophilia, detection of apoptotic bodies may be facilitated by use of fluorescence microscopy ; see also Fig. 1A) . Evaluation of apoptosis in H&E-stainings, however, is very time-consuming and requires an experienced observer because of potential artifacts with similar staining patterns. In addition, identification of apoptotic bodies is only possible in well preserved specimens requiring fixed and paraffin-embedded tissues. The TUNEL assay has also been used extensively for identification of apoptotic cells but the specificity of the assay has been questioned since it does not discriminate between necrotic and apoptotic cells death (e.g., see . A very valuable and more selective tool to identify apoptotic cells in solid tissues may be the use of antibodies that specifically detect the cleaved (active) subunits of caspases, because activation of these enzymes constitutes a key molecular event during the process of apoptosis. In fact, the utility of this approach has been proven in previous studies by other groups (Duan et al., 2003; Gamonal et al., 2001; Gown and Willingham, 2002; Srinivasan et al., 1998; Tanaka et al. 2000) .
Our present data show that immunostainings for both, cleaved caspase-3 and -9 represent reliable markers of apoptosis in rat liver and confirm these earlier observations that were made in other tissues. Since cleaved caspase-positive apoptotic figures are easily detectable, possible limitations of other techniques mentioned previously may be avoided by use of cleaved caspase antibody stainings. A further advantage arises from the GST-P/cleaved caspase-3 doubleimmunohistochemical staining procedure described in this paper that enables the identification of apoptotic figures in 14 ECKLE ET AL TOXICOLOGIC PATHOLOGY GST-P-positive, presumably preneoplastic lesions in liver. Since both stains are performed on one and the same section, apoptotic events can be reliably quantified even in very small focal transections consisting only of a few GST-P-positive cells which would be barely accessible by other methods. The relative frequencies of apoptotic cells determined by caspase-immunostainings in liver sections from animals with high and low rates of apoptosis were well correlated with the corresponding frequencies of apoptotic bodies observed in H&E-stained sections, but in absolute numbers the counts were ∼3-5-times lower. This difference may be due to several reasons. For example, activation of caspases may occur only transiently in early apoptotic stages which would lead to a comparatively short time window of visibility. In addition, progressive degradation of proteins during cellular digestion of apoptotic bodies may result in a general loss of epitope. Cleaved caspase-negative apoptotic bodies were in fact observable in all immunostaining experiments (data not shown). The mean duration of visible apoptotic stages in H&E-stained liver sections has previously been shown to be in the range of ∼3 h (Bursch et al., 1990) . Although not determined in detail, our present results obtained with material from experiment 2 (CPA-rechallenge) suggest that cleaved caspase-3-positive pre-apoptotic hepatocytes and apoptotic bodies disappear much more rapidly with roughly estimated half-lives of <1 hr.
Apart from quantitative aspects, our results also add valuable mechanistic information. The activation of caspase-9 and -3 in apoptotic hepatocytes indicates that both spontaneous and CPA-withdrawal-induced apoptosis in rat liver involves the mitochondrial induction pathway: activation of the initiator procaspase-9 occurs subsequent to cytochrome-c release from mitochondria, upstream of activation of the effector procaspase-3 (6, 9, 13, 14) . In this context it is of interest that early pre-apoptotic hepatocytes, which had been defined by characteristic histological criteria, show strong accumulation of transforming growth factor-β1 (Bursch et al., 1993) . This cytokine plays an important role in the regulation of hepatocyte apoptosis (Rossmanith and Schulte-Hermann, 2001; Schulte-Hermann et al., 1995; Thorgeirsson et al., 1998) , and references therein) and is known from in vitro studies to induce cytochrome-c release from mitochondria (Cain and Freathy, 2001; Freathy et al., 2000; Herrera et al., 2001a Herrera et al., , 2001b and subsequent activation of caspase-9 and downstream effector caspases (Buchmann et al., 1999; Cain and Freathy, 2001; Freathy et al., 2000; Herrera et al., 2001a Herrera et al., , 2001b Shima et al., 1999) . Early activation of transforming growth factor-β1 in hepatocytes preparing for apoptosis could thus be the physiological trigger for caspase activation in pre-apoptotic hepatocytes observed in the present study. A dual stain for transforming growth factor-β1 and cleaved caspase-3 or -9 might allow for detection of a causal link between both parameters.
The use of cleaved caspase-3 immunostainings may potentially open an intriguing experimental advance because suicidal hepatocytes can already be identified at a very early apoptotic stage where they show (exclusive) cytoplasmic staining and an otherwise intact cellular structure. Isolation of such pre-apoptotic hepatocytes by laser capture microdissection should technically be possible, which might enable a long-awaited analysis of these cells for mutational events in cancer-associated genes such as ras. This could make it possible to investigate the role of ras in its activated form for apoptosis in liver of different rodent species which may be related to the species-dependent activation of ras in liver tumors (Buchmann et al., 1991; Schwarz et al., 1995) .
